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Abstract 
 
 The global agricultural system has become a major source of stress on the earth’s natural resources. The 
current food production and distribution system is not secure and will not sustain future populations as global 
food production pressures intensify. It will be important to explore other avenues of food production in order to 
build a more sustainable system in the future. Aquaponics eliminates soil from the equation of food production 
by combining aquaculture(fish farming) and hydroponics(growing plants in water saturated media). Aquaponics 
may provide a source of relief for areas without suitable soil or dense human populations. This experiment 
looks to explore system efficiency by altering the design of the grow bed. This was done through a comparative 
analysis between two control beds and two augment beds. Each augment bed was fixed with a greenhouse 
glazing which encompassed the entire grow bed. We hypothesized that greenhouse glazing can be used in 
indoor aquaponic systems to improve efficiency thus productivity. Three sets of data were collected in this 
experiment; air temperatures between control bed 3 and augment bed 1, dry weight analysis based on shoot to 
root ratio(S:R), and nitrate(NO3) concentrations which was analyzed with an ion chromatography system. The 
experimental data suggest that when there is no nitrate deficiency in a system, temperature can have an 
increasing effect on S:R. Furthermore we conclude that the greenhouse glazing was effective in capturing heat 
which yielded higher S:R in the augment beds. We do recommend more experimentation be done on the 
validity of using S:R as a metric for productivity in an aquaponic system. 
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Introduction 
 Over the last 50,000- 70,000 years, humanity made the lengthy transition from small mobile hunter 
gatherer communities to sedentary farming communities. Early farming communities are the foundation on 
which our society was built (Francis, C., 2009). Today humanity enjoys a broad spectrum of survival, a small 
percentage live quite comfortably with all basic needs being met. Some cannot afford food, but have many legal 
avenues for getting fed regularly. Unfortunately close to a billion humans do not have secure food sources and 
live on the fringe of starvation(www.wfp.org).  Humans once used agriculture as a tool to empower 
civilizations, now it is a main driver climate change and many other environmental problems that present 
tremendous social costs. Issues such as food security which is defined by the Food and Agriculture 
Organization to be “a state at which all of humanity has access to sufficient and safe sources of nutritional 
food”. The current global farming and food distribution system is not secure and will not sustain future human 
populations. “Competition for land, water, and energy, in addition to the over-exploitation of fisheries will 
affect our ability to produce food, as will the need to reduce our food systems impact on the environment 
(Godfray et al. 2010).” As food production pressures intensify, aquaponics and the potential for improving 
water quality methods within aquaponic systems could provide a means to mitigate these pressures. Aquaponics 
combines aquaculture with hydroponics in a mutually beneficial environment. Aquaculture, or aquafarming, is 
the farming of fish, shellfish, and aquatic plants.  Aquaculture can be contrasted to commercial fishing, in that 
   
 
aquaculture involves cultivating populations under controlled conditions rather than harvesting wild 
populations.  Hydroponics involves the growing plants in water or a water saturated media.  Media is the 
material in which the plants are rooted in, typically gravel/clay rock or pumice stone.  
 Research indicates that under present consumption rates, many of our natural resources may be 
jeopardized (Cordell et al. 2009, Godfray et al. 2010). For example, rock phosphorous is crucial to modern 
agriculture but supplies from existing phosphorus mines may be depleted in 50-100 years (Cordell et al.2009). 
Aquaponics could provide a source of relief for our resources by limiting the impact of the food system on the 
environment. Aquaponics could also address the societal disconnect of where and how food is produced.  A 
better understanding of aquaponics could allow a better understanding of the natural symbiotic relationships that 
exist in our environment, which in turn can lead to better management of our natural resources. Most research 
done with aquaponics focuses on improving the efficiency of existing systems. Endut et al. discusses the 
importance of these advancements here;  
“Development of the optimum conditions ( e.g., HLR, plants to fish ratio, oxygen levels and water 
temperature) for system design and operation in RAS is vital in order to maximize fish and plant 
productions and nutrient recovery and minimize water exchange and nutrient accumulation as well 
as beneficial environmental impacts.”  
 The importance of new developments in aquaponics is vital to the sustainable management of global 
resources. Aquaculture is one of the fastest-growing segments of the global food economy (Naylor et al. 2001). 
 We argue that combining aquaculture and hydroponics only makes sense. 
 An aquaponic system consists of a water holding tank, where fish reside and plants living in the media-
based grow beds.  Nutrients generated by fish excretion enrich water in the holding tank which is then 
circulated to the grow beds where plants are rooted in grow bed media (with associated microbial communities) 
(Graber and Junge. 2009). The specific role microorganisms play will be discussed below. Once grow beds 
   
 
have been saturated for a predetermined amount of time (referred to as the hydraulic loading rate (HLR)), the 
filtered water is then cycled back to the fish tank. This type of recycling system is known as  a recirculation 
aquaponic system (RAS). 
 A RAS consists of two different parts, the hydroponic system for growing plants and the aquaculture 
system for raising aquatic species.  As in most cases, some species thrive in aquaponic systems and some do 
not.  Selecting species of plants and aquatic animals is based on several parameters such as; available space, 
capability of year round production, and nutrient tolerances. Species of plants commonly used include; leafy 
green vegetables, beans, peas, strawberries, and herbs (Endut et al. 2010, Graber, A. and Junge, R. 2009). 
Species of fish commonly used are koi, perch, bluegill, rainbow trout, and tilapia. Crayfish and shrimp have 
also been used in these systems. Selecting species that tolerate local temperature and sunlight availability is also 
crucial to the success of any system. Indoor designs  provide greater control of limiting factors to growth but 
require supplementary lighting or temperature regulation. 
 Aquaponic system designs range from simple to very complex. Some designs include; gravel/clay bed, 
floating raft, or something referred to as nutrient film technique. The gravel bed is simply gravel/clay in a grow 
bed. The floating raft design is designed so the bed is literally sitting in a water source constantly. The nutrient 
film technique, or NFT, is a very shallow inundation, as shallow as a film (hence film technique). Many other 
techniques or combinations of techniques can be used to maximize efficiency. The figure below below 
represents the system used in this study, note the larger containers on the left hand side are the grow bed and 
holding tank. This design uses a clay aggregate (LECA) for additional filtering after the water is ran through the 
grow bed. This improves water quality in the holding tank for fish (Graber, A. and Junge, R. 2009). 
 Aquaponics could be a form of relief for many of our planet’s systems. Modern agriculture can leave a 
long lasting impact on our environment. Since growth in human population and consumption are continuing, 
global demand for food is expected to increase for at least another 40 years (Godfray et al. 2010). As discussed 
   
 
earlier, aquaponic systems are becoming a large part of the global food economy as well. The more popular 
these systems become, the less impact our modern agriculture system could have, not that modern agriculture 
only has negative impacts, but less is always better. A key factor that needs to be considered is that aquaponic 
systems are yet to be spatially efficient enough to be used in high density populations. This is in part due to 
advancements needed to address the supply and availability of these systems in large metropolitan areas where 
space is limited. The goal of this project is to use what is known about aquaponics to examine how aquaponic 
nutrient cycles can be optimized for maximum system efficiency. 
 
Literature Review 
        First and foremost, the “why” this research is significant. In order to establish a need for redesigning 
human food systems and explain why it’s important to do so, we gathered information and reports from 
government agencies both domestic such as the EPA and international entities like the UN. The 2013 Trade and 
Environment Review published by the UN titled Wake Up Before its too Late, states: 
“The Problems of climate change, hunger and poverty, economic, social and gender inequity, 
poor health and nutrition, and environmental sustainability are interrelated and need to be 
solved by leveraging agriculture’s multi-functionality. Against the background, a fundamental 
transformation towards climate-friendly agriculture consisting of a mosaic of agro-ecological 
production practices, must become the new paradigm (Hoffman, U. 2013).” 
This quote comes from the abstract of the first article Agriculture at the Crossroads: This article and the ones 
that follow in the report examine food security, food distribution, increasing soil carbon and many more topics 
that have to do with the agriculture system. The report was created in order to identify how the 2008 food price 
crisis affected global hunger and to find ways to avoid future problems. Anuradha Mittal wrote a paper about 
the 2008 food price crisis titled The 2008 Food Price Crisis Rethinking Food Security Policies. This article 
   
 
offered more information into how the 2008 crisis came to be and its social effects. The State of Food and 
Agriculture 2013  is another report about the state of agriculture and nutrition in the world. It also provides 
evidence of the social stress caused by agriculture. The Food and Agriculture Organization of the UN provided 
the definition used in the proposal and presentation. The three components of food security were taken from 
Foale et al. The statistics for global hunger were provided by worldhunger.org and feedingamerica.org.  
 The following section is discussing the “what” portion of the concerned study. Microorganisms play a 
large role in any aquaponics, especially in respect to productivity, nutrient cycling, the nutrition of the cultured 
animals, water quality, disease control, and environmental impacts of harmful effluents (Moriarty, D. J.W. 
1997).  Biological transformations of nitrogen added in the form of inorganic/organic fertilizers and formulated 
feeds dominate the biogeochemistry of these systems. Nitrogen application in excess can cause a degradation in 
water quality by accumulations of nitrogenous compounds (ammonia and nitrite) that can be toxic to fish. 
Sources of nitrogenous compounds include: fish excretion and a sediment flux. Since aquaponics is in a 
controlled tank setting, fish excretion serves as the predominate source. Sinks include: phytoplankton, and 
nitrification. Nitrification is the biological oxidation of ammonia or ammonium to nitrite followed by the 
oxidation of the nitrite to nitrate (Nitrification Network, 2004). Nitrogen biogeochemistry is affected by feeds 
and feedings practices, water exchange and circulation, aeration, pond depth, and others (Hargreaves, J. A 
1998.). The factors controlling the composition and development of blooms of both desired and undesired 
species of algae, bacteria, and other microorganisms are crucial to understand to develop an efficient system 
(Moriarty, D. J.W. 1997). 
 As discussed above, aquaponics takes advantage of nutrient cycles by utilizing fish waste as potential 
crop biomass (Graber, A. and Junge, R. 2009). By doing so, aquaponics is an efficient system to provide food 
on a local scale. Graber and Junge conducted research comparing aquaponic yields to hydroponic yields, to 
determine how much of a gain is experienced using this advantage. The graph below shows several tomato 
   
 
varieties grown in both, aquaponic and hydroponic systems. In all four varieties shown the aquaponic system 
produced a higher yield (Graber, A. and Junge, R. 2009). 
 Extensive research has been conducted on what system design is most efficient in regards to a plethora 
of criteria.  These criteria include but are not limited to; mortality, yield, nutrient accumulation, dissolved 
oxygen, pH, and many more. Understanding each designs positives and negatives is a crucial field to be 
researched. For example, gravel beds are preferred over NFT for yield criteria (Lennard, W.A. and Leonard, 
B.V. 2006). The floating raft technique removed more nitrate than gravel bed and NFT but did not remove more 
phosphorous (Lennard, W.A. and Leonard, B.V. 2006). This is thought to be because, more root to water 
contact achieved the more nitrate will be assimilated (Lennard, W.A. and Leonard, B.V. 2006). 
 The optimal hydraulic loading rate (HLR) has even been researched. Endut et al. found 1.28 m/day is the 
optimal HLR in terms of fish production, plant growth, and percentage nutrient removal. The optimum fish feed 
to plant ratio to balance nutrient production is 15-42 grams of fish feed per meter squared of plant growing area 
(Endut et al. 2010). Waste discharged was found to be strongly dependent on HLR. Other parameters are also 
known such as optimal temperatures, tank size, and proper plant-fish ratios are too heavily researched and 
should be considered (Malison, J.A. 2000).  
 Dietary research may be one of the most extensively researched area of aquaponics. Research has been 
conducted with several fish species such as rainbow trout, perch, catfish, and tilapia. Most research looks at 
how to earn the most bang for your buck, with differing diets. For example, growth rates for rainbow trout were 
found to be the same using differing diets, one with no soy the other with 60% soy (Refstie et al. 1997). 
Kaushik et al. also found results the same with soy protein concentrate replacement, however diets of soy flour 
was found to reduce growth.   This could be implicated to reduce cost of the system. The overall goal in these 
experiments is less outside input (fish food) with an increase in yield. Many other improvements have also been 
studied, such as foods with decreased solid waste output (Kaushik et al. 1995). This could be used to lower or 
   
 
eliminate the cost of mechanical filtering technologies.  Other dietary research includes findings in which diets 
result in the highest and lowest nitrate levels (Allan et al. 1999). 
 
Hypothesis: Greenhouse glazing can be used in indoor aquaponic systems to improve efficiency thus 
productivity 
 
Materials and Methods 
 The system design follows two principles; use a system already designed and modify for available 
space. The system contains one stock tank where water is pumped from to fill four grow beds (2- Control beds/ 
2- Augment beds). In order to avoid unexpected problems, our system will be built following the Flood and 
Drain design used by Bernstein, S.  2011. The system will be customized for the space available (scaling 
up/down). To minimize space the grow beds are side by side and on top of the stock tank. Figure 1 is a general 
depiction of how the system is designed. The  main components of the system, the stock tank, and the grow 
beds have the following inputs: 
 The Stock Tank (fish tank) dimensions are 118.8cm x 83.8cm x 60cm, with a depth of 16.4 cm the stock 
tanks volume is 165.27 liters. This equals about 43 US gallons with the grow beds full inundated, and about 55 
US gallons when the grow bed are fully drained. The stock tank  received 30 mL of a commercial bacterial 
culture (Microbe Lift Nitrifying bacteria) to assist in beneficial bacterial growth. Lastly, 50 Goldfish (Carassius 
auratus auratus)  were purchased and placed into the tank. Fish were fed based on 5 minute eating periods, 
meaning food would be put into the stock tank for a period of 5 minutes and what food was not eaten was 
scooped up with a net and discarded (Bernstien, S. 2011). 
 The two control beds dimensions are 60.7cm x 40.4cm x 22.1cm which is 37.9 L, or 18 US gallons. The 
media or growing material selected was expanded clay pellets, or Hydroton. We estimated each grow bed had a 
   
 
4 gallon water capacity with the added volume of the grow media. Each received one application of wood ash, 
to provide as a source for nutrients like potassium(Markham, B. 2010). Each bed was planted with (16) Tennis 
Ball Lettuce and (13) Snap peas. These species were selected because of their success with aquaponics (Endut 
et al. 2010, Graber, A. and Junge, R. 2009). 
 The two augment beds dimensions are 60.7cm x 40.4cm x 22.1cm which is 37.9 L, or 18 US gallons. 
The media or growing material selected was the same as the control beds (expanded clay pellets, or Hydroton). 
Each augment bed also received one application of wood ash, to provide as a source for nutrients like 
potassium(Markham, B. 2010). Each bed was planted with (16) Tennis Ball Lettuce and (13) Snap peas. Again, 
these species were selected because of their success with aquaponics (Endut et al. 2010, Graber, A. and Junge, 
R. 2009). Each of the augments beds each were designed with a greenhouse glazing that encompassed the entire 
bed. 
 
Sampling Methodology and Data Collection 
 The data will be divided into two groups; maintenance data and analytical data. Maintenance Data does 
not differ between beds and is used to maintain and improve the system over time. This data includes: water pH, 
nitrate/Nitrite levels, and water temperature. Will be collected daily for the first 2 months and weekly thereafter. 
Analytical data was collected from the two grow beds and will be used in the comparative analysis.  
 We attempted to measure nutrient uptake by not allowing the water to drain from the beds for 1 hour 
then collecting water samples from the stock tank and all four grow beds. Ion Chromatography System was 
used for measuring nitrate levels in each grow bed. This process was done by Steven Thomas.  We collected air 
temperatures from inside grow bed 1 (augment bed) greenhouse structure and grow bed 3 (control). Vernier 
Data logger was used to record air temperatures above grow beds 1 and 3. Each growbed was seeded with 16 
lettuce seeds and 13 snap pea seeds in row formation. These plants were chosen due to their relatively high 
   
 
success rates in aquaponic systems and because one is a vegetative source of food and the other a fruit (Endut et 
al. 2010, Graber, A. and Junge, R. 2009).  The dry weights of each from each bed were analyzed for differences. 
 
Data Analysis 
 The purpose of the experiment was to observe how the grow beds perform by using a comparative 
analysis. We did this by comparing the data obtained from each grow bed. First we wanted to establish if there 
are thermal or chemical differences between the grow beds. The rate of biomass production will be gaged on 
Shoot:Root ratio (S:R) between the four beds will also be observed. S:R is defined as “the proportions of leaf 
stem and root on a plant remain in at least approximate equilibrium.The simplest equilibrium is between the 
amount of shoot material and the amount of root material - the shoot:root ratio (S:R) (Wilson. 1988).” A 
comparison of the above helped us further understand how the augment affected plant growth. The Wilson 
paper also discusses the influencing factors of S:R, which is discussed in detail in the following sections.  
 
Results 
 The temperature data collected shows that grow bed one had higher air temperatures throughout the 
experiment (Figure 2). We began collecting data on February 18th and ended on March 28th for a total of 954 
hours. The minimum, maximum and average temperatures for grow bed one were higher than grow bed three 
(Table 1). 
 Dry weights of the shoot and roots were taken in order to find S:R. The plants were dried for 24 hours in 
an oven at 65 degrees. The augment grow beds yielded higher S:R compared to the control beds (Table 2). 
 The pea plants in the augment beds produced both flowers and fruit. Grow bed three developed flowers 
but no fruit and grow bed four produced neither structures (Table 3) It is important to note that all grow beds 
had ratios higher than one. 
   
 
The first set of water data was omitted due to issues with the concentrations of sulfates and chlorides. The Ion 
Chromatography system is ideal for surface water analysis, we assume the grow bed media may have led to an 
inconsistency in sulfate and chloride that maxed out the machine, resulting in nitrate levels that were askew. We 
assume grow beds one and two were not deficient because of the S:R.  
 The second and valid set of water chemistry data was analyzed on April 16 2015, this data set was used 
to create a picture of nitrate levels in the stock tank and the control beds (Figure 3). Only data that was sampled 
on or after the date of March 5, 2015 and that was analyzed on April 16, 2015 is valid for comparison. For that 
reason any samples taken prior to March 5, 2015 and/or analyzed on April 15, 2015 were omitted. The omitted 
data was mostly from the augment beds. The data present shows no deficiency in nitrates and a general decrease 
in concentrations over time.  
 
Discussion: 
 The water chemistry data collected shows there was no deficiency in nitrates in the control beds or stock 
tank (Figure 3). We used this data to conclude that there was no nitrate deficiency either the augment beds or 
the control beds as the S:R were higher in the augment beds (Table 2). 
 Temperature is a known to have an affect on S:R. As root temperatures increase, S:R will also increase 
so long as temperatures does not exceed optimum temperature for plant growth (Wilson, J.B. 1988). The 
temperature data collected shows the temperature in grow bed one was consistently higher than grow bed three 
(Figure 2). The statistics provided also show that on average grow bed one had higher temperatures throughout 
the duration of the experiment (Table 1). It is thought that higher temperature in both shoot and roots will also 
have an increasing effect on S:R however more experimentation is needed in this area (Wilson, J.B. 1988).  
 The onset of reproduction and the development of reproductive structures on the shoot will also have an 
increasing effect on S:R (Wilson, J.B. 1988). The data presented suggest that the pea plants in the augment beds 
   
 
were in later stages of reproduction compared to those in the control beds (Table 3). The dry weights collected 
yielded S:R above one in both the augment and control beds. The S:R in the augment beds were nearly double 
that found in the control beds (Table 2). 
 
Summary and Conclusions 
 Literature suggest a limited nutrient availability will have a decreasing effect on S:R. (Wilson, J.B. 
1988) Based on the water chemistry data collected we assume that grow beds three and four were not nitrate 
deficient (Figure 3). This data also indicates that grow beds one and two were not nitrate deficient when 
considering the S:R were higher in the augment beds (Table 2). Since no deficiency exists we assume other 
factors influence S:R. Our temperature data leads us to believe higher air temperatures in the augment beds had 
an increasing effect on S:R as seen in the literature (Figure 2). We also believe that if the S:R model discussed 
in Wilson’s paper is compatible with aquaponic systems, these systems can be used for experimenting with 
temperature and S:R in a relatively controlled environment. Based on the temperature data presented and the 
number of reproductive structures found we conclude that the augment beds showed more productivity based on 
S:R compared to the control beds. 
 Aquaponic systems that are properly designed and managed can yield highly productive plants. The 
greenhouse glazing was effective in capturing heat in the augment beds, this led to higher productivity which 
was measured with S:R derived from dry weights. Exploring the efficiency of aquaponic systems may lead to 
better designs in the future. We also recommend more research be done on the influencing factors of S:R in 
aquaponic systems so to explore the validity of using S:R as a metric of productivity in these systems.  
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